Abstract: Residual herbicides can cause injury to a future crop. Residual herbicides applied to soybean [Glycine max (L.) Merr.] or winter wheat (Triticum aestivum L.) may impact cover crops seeded in the same growing season. The objective of this study was to determine the effect of residual herbicides on oilseed radish (Raphanus sativus L.) establishment and growth after 10 postemergence (POST) broadleaf herbicides were applied in winter wheat and 12 preemergence (PRE) and 7 POST herbicides were applied in soybean. Oilseed radish injury was assessed 14 and 28 d after emergence (DAE) and stand density and biomass were measured 28 DAE. Residual herbicides used for broadleaf weed control in winter wheat caused less than 5% oilseed radish visible injury and there was no reduction in stand density and biomass. In soybean, imazethapyr applied PRE caused 43% and 48% oilseed radish injury at 14 and 28 DAE, respectively. There was no decrease in oilseed radish stand density and biomass. Imazethapyr applied POST to soybean caused 47% and 59% oilseed radish injury at 14 and 28 DAE, respectively, and decreased oilseed radish biomass by 65%. There was no decrease in oilseed radish stand density. The results from this study conclude that many of the herbicides commonly used in winter wheat and soybean in Ontario do not negatively impact oilseed radish establishment and growth.
Introduction
Cover crops have been reported to reduce soil erosion by up to 80% (Blanco-Canqui et al. 2015) , reduce the need for synthetic fertilizers by scavenging and recycling nutrients, reduce nutrient leaching (Thilakarathna et al. 2015) , increase soil organic matter, and increase soil aeration and water holding capacity (Snapp et al. 2005) . Oilseed radish (Raphanus sativus L.) has rapid fall growth and can produce high amounts of aboveground and belowground biomass (Clark 2012) . It can capture nitrogen deep in the soil, reduce soil compaction, and suppress weeds (Clark 2012) . Lawley et al. (2011) demonstrated that oilseed radish can reduce both establishment and growth of winter annual weeds, which could be used to reduce the reliance on the use of a preplant burndown herbicide.
Residual herbicides are useful for full-season weed control because they persist in the soil with a half-life of greater than 120 d (Ross and Lembi 1999) . However, in reality, a herbicide with a half-life of less than 120 d can still injure sensitive crops seeded following herbicide application. Herbicide injury to subsequent crops in the rotation is reduced by herbicide degradation, adsorption to soil colloids, leaching, and uptake and subsequent degradation by plants (Burnside et al. 1969; Helling 2005) . Herbicide chemical and microbial degradation may be influenced by soil characteristics such as pH, organic matter, soil texture, cation exchange capacity, moisture, temperature, and microorganisms (Helling 2005; Maurice 2005; Zimdahl 2007 ). The level of influence of those soil characteristics is herbicide-specific; for example, imazethapyr persistence is greater at lower soil pH levels, while flumetsulam persistence is not affected by soil pH but is greater at low soil moisture content (Shaw and Murphy 1997; Aichele and Penner 2005) .
Some of the commonly used herbicides for broadleaf weed control in winter wheat (Triticum aestivum L.) in Ontario include 2,4-dichlorophenoxyacetic acid (2,4-D), 2-methyl-4-chlorophenoxyacetic acid (MCPA), 3,6-dichloro-2-pyridinecarboxylic acid (clopyralid), dichlorprop/2,4-D, fluroxypyr + MCPA, dicamba/MCPA/ mecoprop, bromoxynil/MCPA, prosulfuron + bromoxynil, pyrasulfotole/bromoxynil, and thifensulfuronmethyl/tribenuron-methyl + MCPA. Most of those herbicides have relatively short half-lives of 2-38 d (Kaune et al. 2008; Shaner 2014; OMAFRA 2015) ; however, clopyralid has a half-life of 12-70 d (Shaner 2014) . Clopyralid is labelled for application on some brassica species (Dow AgroSciences Canada Inc. 2015) . Cornelius and Bradley (2017) showed that clopyralid (210 g a.i. ha −1 ) applied after emergence (postemergence, POST) at the 2-leaf stage of corn did not reduce oilseed radish density or biomass 28 d after emergence (DAE) when oilseed radish was seeded after corn harvest. In Ontario, some commonly used preemergence (PRE) herbicides for grass and broadleaf control in soybean [Glycine max (L.) Merr.] include chlorimuronethyl, cloransulam-methyl, clomazone, flumioxazin, dimethenamid-P, pyroxasulfone, and pendimethalin; these herbicides have relatively short half-lives of between 7 and 44 d (Shaner 2014) . Other common herbicides include linuron, metribuzin, flumetsulam, and S-metolachlor; these have intermediate half-lives of 5-152 d, while imazethapyr is the most persistent herbicide with a half-life of 60-360 d (Johnson and Talbert 1993; Alister and Kogan 2005; Shaner 2014) .
Popular herbicides used in soybean can cause injury to oilseed radish when applied in the same growing season. In a study by Cornelius and Bradley (2017), chlorimuronethyl (26.3 g a.i . ha ) applied PRE to soybean reduced oilseed radish density by 20% 28 DAE in 1 out of 2 yr. They also reported that flumetsulam (56 g a.i. ha −1 ) applied at the 2-leaf stage of corn reduced oilseed radish density by 55% and biomass by 80% 28 DAE. Also, imazethapyr (70 g a.i. ha −1 ) applied at the V 2 -V 3 stage of soybean reduced oilseed radish density 41% and 32% and biomass 76% and 39% 28 DAE in 2013 , respectively. Yu et al. (2015 reported that imazethapyr (100 g a.i. ha −1 ) applied PRE to processing peas (Pisum sativum L.) caused 33% and 13% oilseed radish injury in 2012 and 2013, respectively, 1 wk after emergence (WAE) but did not injure oilseed radish 4 WAE or reduce oilseed radish biomass 8 WAE. Cornelius and Bradley (2017) demonstrated that flumioxazin (89 g a.i. ha ) applied PRE to soybean reduced oilseed radish density 28 DAE in 1 out of 2 yr by 19%. At 28 DAE, they also concluded that metribuzin (420 g a.i. ha ) applied at the V 2 -V 3 stage of soybean, and pyroxasulfone (180 g a.i. ha ) applied at the 2-leaf stage of corn and at the V 2 -V 3 stage of soybean did not reduce oilseed radish density or biomass.
There are many broadleaf herbicides (acifluorfen, fomesafen, bentazon, thifensulfuron-methyl, chlorimuronethyl, cloransulam-methyl, and imazethapyr) available for POST application to soybean in Ontario. These herbicides have half-lives of 8-60 d but fomesafen has an average half-life of 100 d, while imazethapyr ranges from 60 to 360 d (Alister and Kogan 2005; Shaner 2014 ). Cornelius and Bradley (2017) demonstrated that fomesafen (330 g a.i. ha −1 ) applied at the V 2 -V 3 stage of soybean caused a reduction in oilseed radish density of 28% and 41% at 28 DAE of oilseed radish and a reduction in biomass of 51% and 33% in 2013 and 2015, respectively. Cover crops seeded in the same growing season as the main crop are at risk of injury from residual herbicides applied earlier in the season. The impact of residual herbicides used in winter wheat and soybean on oilseed radish establishment and growth has not been studied under Ontario growing conditions. Therefore, the objective of this study is to identify herbicides applied to winter wheat and soybean that pose a risk to the establishment and growth of oilseed radish seeded in the same growing season.
Materials and Methods
Three field experiments were conducted to investigate the effect of herbicides applied POST to winter wheat, soybean herbicides applied PRE and soybean herbicides applied POST on oilseed radish cover crop establishment and growth. Each experiment was repeated for 3 yr (2014) (2015) (2016) at two field sites per year near Ridgetown, ON, for a total of six site-years. All experiments were established as a RCBD with four replications. Each replication contained an untreated oilseed radish control. A cover spray of glyphosate was applied after wheat harvest and during the season on the soybean experiments. Plots were 2 m wide × 8 m long. Soil characteristics for the winter wheat and soybean sites are presented in Table 1 . Winter wheat and soybean seeding dates, cultivars, seeding rates, seed depths, emergence dates, and spray dates are presented in Table 2 . Soybean was seeded in rows spaced 0.75 m apart. An early maturing soybean cultivar was used to allow oilseed radish to establish and grow before frost. Oilseed radish seeding dates, cultivars, seeding rates, seeding methods, seed depths, and emergence dates are presented in Table 3 . The herbicides used and their rate, formulation, and manufacturer are listed in Table 4 . All herbicide rates used were the highest labelled rate at the time the experiment was initiated. The adjuvants used were Agral® 90 (Norac Concepts Inc., Guelph, ON), Turbocharge™ (Syngenta Crop Protection Canada Inc., Guelph, ON), ammonium sulfate, and 28% urea ammonium nitrate (UAN). Weather data including rainfall and temperature is presented in Table 5 .
Herbicides were applied POST to winter wheat at Zadoks stage 32, which represents approximately two detectable nodes, and PRE or POST to soybean at the V 2 -V 3 stage, which represents two and three fully developed trifoliate leaves, respectively. The herbicides were applied using a CO 2 -pressurized backpack sprayer calibrated to deliver 200 L ha −1 at a pressure of 276 kPa.
The boom used was 1.5 m wide with four ULD 120-02 (Hypro, New Brighton, MN) nozzles spaced 0.5 m apart. Crops were grown following good agronomic practices as outlined in the Ontario Agronomy Guide for Field Crops (OMAFRA 2002).
Oilseed radish was seeded after winter wheat harvest or when soybean plants had dropped approximately 80% of their leaves (Table 3) . Oilseed radish injury was assessed visually 14 and 28 DAE. Injury was rated on a scale of 0%-100% with zero representing no injury and 100 representing complete plant death. Stand density and biomass were measured 28 DAE. Oilseed radish plants were counted and cut at the soil surface from two 0.25 m 2 quadrats. The quadrats were placed randomly with one towards the front of the plot and one towards the back of the plot in the winter wheat experiments. In the soybean experiments, the quadrats were placed in between crop rows with one towards the front and one towards the back of the plot. The plants were placed in a paper bag, dried in a kiln, and then weighed. Data were analyzed using PROC MIXED (Littell et al. 2006; SAS Institute Inc. 2013 ) with treatments as fixed effects. Environment, blocks nested within environment, and treatment × environment interaction were considered random effects to increase the chances of making proper treatment inferences applicable to sites other than those examined (Yang 2010) . Different models were compared using the Akaike information criterion and a residual analysis. Both the Shapiro-Wilk's statistic and residual plots, obtained using PROC UNIVARIATE (SAS Institute Inc. 2016), were used to conduct the residual analysis. Once the final model was chosen, least square means (LSMEANS) were calculated and Tukey's Note: OM, organic matter; CEC, cation exchange capacity.
adjustment was used to indicate the differences at α = 0.05 between treatment means (Bowley 2008) . Data were transformed using a log or a square root transformation when necessary to satisfy the assumptions of normally distributed residuals of the model. All injury data and oilseed radish stand density data for the PRE and POST soybean experiments were log + 1 transformed prior to analysis. Stand density and biomass data for the POST winter wheat trial were not transformed while the biomass of the PRE and POST soybean trials were square root + 0.5 transformed prior to analysis. Data were back-transformed for the presentation of results.
Results and Discussion
Winter wheat
Herbicides applied for broadleaf weed control in winter wheat in April or May caused 5% or less visible injury of oilseed radish seeded in August; none affected oilseed radish density or biomass at 28 DAE (Table 6) . At 14 and 28 DAE, the maximum injury observed was 5% and 2%, respectively. At 14 DAE, injury from 2,4-D ester, dicamba/MCPA/mecoprop, and fluroxypyr + MCPA ester was similar to the control. Herbicide residues from all other treatments caused an average of 3.6% injury in the oilseed radish. At 28 DAE, injury from 2,4-D ester, clopyralid, fluroxypyr + MCPA, and pyrasulfotole/ bromoxynil resulted in oilseed radish injury that was similar to the control. Herbicide residues from all other treatments caused 1%-2% oilseed radish injury. At 28 DAE, residues from winter wheat herbicides did not reduce oilseed radish stand, density or biomass. The results from this study with clopyralid are consistent with those of Cornelius and Bradley (2017) , who reported no decrease in oilseed radish density and biomass 28 DAE when clopyralid (210 g a.i. ha −1 ) was applied at the 2-leaf stage of corn. This study shows that residues from herbicides used for broadleaf weed control in winter wheat did not cause substantial oilseed radish injury and there was no detectable decrease in oilseed radish stand, density and biomass when seeding greater than 100 d after herbicide application.
PRE soybean
Chlorimuron-ethyl, cloransulam-methyl, linuron, metribuzin, flumioxazin, S-metolachlor, dimethenamid-P, pyroxasulfone, and pendimethalin applied PRE in soybean caused 2% or less visible injury of oilseed radish when seeded 98-140 d after herbicide application (Table 7) . Dimethenamid-P was applied at 963 g a.i. ha according to the labelled rate. Ratings from the clomazone, flumetsulam, and imazethapyr treatments caused 7%, 18%, and 43% oilseed radish injury, respectively, at 14 DAE; injury ratings were higher at 28 DAE, indicating that the cover crop was not recovering. Although oilseed radish injury from clomazone and flumetsulam was similar to the control, there is evidence for concern as those herbicides were also not different from injury caused by imazethapyr. The results from this study are similar to those of Yu et al. (2015) , who demonstrated that imazethapyr (100 g a.i. ha ) applied 77 or 94 d before seeding oilseed radish caused 13%-33% oilseed radish injury 1 WAE, depending on the year, but oilseed radish did recover with no injury observed at 4 WAE. Oilseed radish recovery in the Yu et al. (2015) study may be attributed to the slightly higher silt, clay, and cation exchange capacity compared with this study; temperature and rainfall were similar between their study and this study. Imazethapyr tends to persist more in soils with higher in clay and organic matter as it binds to clay and organic matter (Goetz et al. 1990; Hollaway et al. 2006) ; however, the persistence of imazethapyr contradicts the results obtained when comparing the two studies, as greater injury should have been seen in Yu et al. (2015) . Higher clay content may also bind with imazethapyr, making it (Curran et al. 1991) .
Residues from herbicides applied PRE in soybean did not affect oilseed radish stand density and biomass relative to the control (Table 7) . At 28 DAE, Cornelius and Bradley (2017) reported that flumetsulam (56 g a.i. ha −1 ) applied at the 2-leaf stage of corn caused a 55% and 80% reduction in oilseed radish density and biomass, which is in contrast to the results from this study, where there was no decrease in biomass and density when flumetsulam was applied at 70 g a.i. ha −1 . The different levels of precipitation may explain the divergent results, with 96 mm and an average of 288 mm rainfall between herbicide application and oilseed radish seeding in the two studies. The dry conditions would potentially reduce herbicide uptake and degradation, resulting in greater herbicide persistence and subsequent injury to oilseed radish (Helling 2005) . Flumetsulam has been shown to degrade faster when there are increasing levels of rainfall (Shaw and Murphy 1997) . The same factors may explain why Cornelius and Bradley (2017) demonstrated that imazethapyr (70 g a.i. ha −1 ) applied POST to soybean reduced oilseed radish density by 41% and 32% and biomass by 76% and 39% in 2013 and 2015, respectively, while there was no decrease in density or biomass with imazethapyr (100 g a.i. ha −1 ) applied PRE in this study. Imazethapyr is primarily degraded by soil microbial activity and therefore is less persistent with higher levels of rainfall (Loux and Reese 1993) . In addition, Aichele and Penner (2005) showed that imazethapyr was more persistent as soil pH decreased. The average soil pH in this study was 6.9 while it was 6.4 in the study conducted by Cornelius and Bradley (2017) , which may also contribute to the Note: Means followed by the same lowercase letter are not different according to Tukey's honest significant difference (HSD) at α = 0.05. DAE, days after oilseed radish emergence; -, no value.
a Injury data were log-transformed prior to analysis; the log means were back-transformed for presentation purposes. reduced injury in this study. At 28 DAE, Cornelius and Bradley (2017) reported that flumioxazin (89 g a.i. ha −1 ) reduced oilseed radish density by 19% in 1 out of 2 yr while no decrease was observed in this study. The differences between the two studies may be due, in part, to the lower rate of 71.4 g a.i. ha −1 used in this study, which is 80% of the rate used in the study by Cornelius and Bradley (2017) . Flumioxazin did not reduce oilseed radish biomass in both studies.
POST soybean
Acifluorfen, bentazon, thifensulfuron-methyl, and cloransulam-methyl applied POST in soybean caused less than 5% visible injury in oilseed radish when it was seeded 71-109 d after herbicide application (Table 8) . Fomesafen (240 g a.i. ha −1 ) applied POST in soybean caused 5% and 8% oilseed radish injury at 14 and 28 DAE, respectively, which was not different from the control. Chlorimuron-ethyl (9 g a.i. ha
) applied POST in soybean caused 11% and 12% injury of oilseed radish at 14 and 28 DAE, respectively, but it was not different than the control. Imazethapyr (100 g a.i. ha ) applied POST in soybean caused 47% and 59% oilseed radish injury at 14 and 28 DAE, respectively. Higher injury levels with imazethapyr in the POST compared with PRE soybean experiments may be due to the shorter period of time between imazethapyr application and oilseed radish seeding by approximately 1 mo, which would reduce the amount of time for dissipation of imazethapyr.
None of the residual herbicides reduced oilseed radish stand density; however, imazethapyr reduced oilseed radish biomass by 65% (Table 8) . Although there was no reduction in oilseed radish stand density due to imazethapyr in this study, Cornelius and Bradley (2017) reported a reduction of 41% and 32% 28 DAE in 2013 and 2015, respectively, when imazethapyr was applied at 70 g a.i. ha −1 . This may be attributed to the higher soil moisture in this study than in Cornelius and Bradley (2017) , which enhances microbial degradation (Loux and Reese 1993) and has greater persistence at low soil pH (Aichele and Penner 2005) . The results of both studies demonstrate that imazethapyr applied at rates between 70 and 100 g a.i. ha −1 decrease oilseed radish biomass.
The results from this study with cloransulam-methyl are consistent with those of Cornelius and Bradley (2017) , who reported no decrease in oilseed radish density and biomass. In contrast to this study, Cornelius and Bradley (2017) reported that fomesafen (330 g a.i. ha −1 ) decreased oilseed radish density by 28%-41% and biomass by 33%-51% depending on the year. The different results obtained may be due, in part, to the higher rate of fomesafen used in their study (Renner et al. 1988) . In contrast to this study, Cornelius and Bradley (2017) demonstrated that chlorimuron-ethyl (26.3 g a.i. ha −1 ) reduced oilseed radish density in 1 out of 2 yr by 20% when applied PRE to soybean. The greater injury may be attributed to the much higher rate than in this study (9 g a.i. ha −1 ) (Renner et al. 1988) ; however, both studies showed no decrease in oilseed radish biomass. Higher injury levels with chlorimuron-ethyl in the POST compared with PRE soybean experiments may be due Note: Means followed by the same lowercase letter are not different according to Tukey's HSD at α = 0.05. DAE, days after oilseed radish emergence; -, no value.
a Injury and density data were log-transformed prior to analysis; the log means were backtransformed for presentation purposes.
b Biomass data were square root transformed prior to analysis; the square root means were back-transformed for presentation purposes.
to an average reduction of 53 mm of rainfall between the PRE and the POST applications, which would reduce chemical hydrolysis and the degradation of chlorimuron-ethyl (Johnson and Talbert 1993) .
This study concludes that 2,4-D ester, MCPA ester, dicamba/MCPA/mecoprop, dichlorprop/2,4-D, clopyralid, bromoxynil/MCPA, thifensulfuron-methyl/ tribenuron-methyl + MCPA ester, fluroxypyr + MCPA ester, pyrasulfotole/bromoxynil, and prosulfuron + bromoxynil can be used for broadleaf weed management in winter wheat with minimal impact on oilseed radish establishment and growth. Chlorimuron-ethyl, cloransulam-methyl, linuron, metribuzin, flumioxazin, S-metolachlor, dimethenamid-P, pyroxasulfone, and pendimethalin applied PRE for weed control in soybean had minimal impact on oilseed radish but clomazone, flumetsulam, and imazethapyr should not be used in soybean if oilseed radish is going to be seeded the same year. Acifluorfen, bentazon, thifensulfuron-methyl, and cloransulam-methyl applied POST in soybean did not adversely affect oilseed radish but there is potential for injury from fomesafen, chlorimuron, and imazethapyr. Note: Means followed by the same lowercase letter are not different according to Tukey's HSD at α = 0.05. DAE, days after oilseed radish emergence; -, no value.
a Injury and density data were log-transformed prior to analysis; the log means were backtransformed for presentation purposes. Biomass data were square root transformed prior to analysis; the square root means were back-transformed for presentation purposes.
c Added Turbocharge® (0.5% v/v). 
